Formation of B, Al, Ga, and Si nitrides from their oxides: a reactive laser ablation study by Raina, G. et al.
Formation of B, Al, Ga, and Si nitrides from their oxides:
a reactive laser ablation study
G. Raina, G.U. Kulkarni, C.N.R. Rao*
Chemistry and Physics of Materials Unit, Jawaharlal Nehru Centre for Advanced Scientific Research,
Jakkur P.O., Bangalore 560 064, India
Received 9 May 2003; received in revised form 31 March 2004; accepted 2 April 2004
Abstract
Nitrides such as Si3N4 and GaN are made by the reaction of the respective oxide with N2 or NH3. In order to
understand the mechanism of formation of nitrides, reactive laser ablation of B2O3, Al2O3, Ga2O3, and SiO2 in
pure form, as well as in mixture with carbon, has been carried out in an atmosphere of nitrogen or ammonia in a
pulsed supersonic jet. The reaction of N2 with SiO2 gives nitridic species such as Si2Ny (y  5) in the vapor
phase. On reaction with N2 in the presence of carbon, B2O3 and Ga2O3 yield species of the type BxNy and GaNy,
respectively. Nitridic species are preponderant in the reaction with ammonia only in the case of SiO2. Al2O3
predominantly gives oxynitridic species under the reaction conditions examined.
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1. Introduction
Nitrides of elements such as B, Al, Ga, and Si are all of considerable technological importance
because of many interesting electronic, mechanical, and other properties that they possess [1,2]. In the
last few years, nanowires and nanotubes of some of these nitrides have been prepared, and in all such
preparations, the basic reaction is between the parent oxide and ammonia or nitrogen at relatively high
temperatures (1000 8C), sometimes carried out in the presence of carbon. Thus, boron nitride has
been synthesized by the reaction of boric oxide (B2O3) with ammonia or nitrogen in the presence of
carbon [3,4]. AlN has, similarly, been prepared using oxide precursors in the presence of ammonia [5],
while GaN is produced from gallium sub-oxide (GaOx) obtained by reacting Ga2O3 with ammonia
[6,7]. Silicon oxynitride (Si2N2O) and Si3N4 are obtained by the reaction of SiO2 or silicon sub-oxide
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(SiOx) with ammonia or nitrogen [8,9]. Some of these reactions are favored by carbon. We, therefore,
considered it to be of considerable importance to understand how and why the nitrides are formed
starting from the oxides. The main question to be answered is the following. Are the oxynitride and
nitride species formed in the vapor phase when the oxides react with N2 or NH3 at high temperatures?
Towards this end, we have investigated the interaction of the oxides B2O3, Al2O3, Ga2O3, and SiO2 with
N2 and NH3, by carrying out laser ablation of the oxides in the appropriate atmosphere in a pulsed
supersonic jet of helium. We have also examined the effect of carbon on the reaction of nitrogen with
the oxides.
2. Experimental
An indigenously built apparatus [10] was used for the reactive ablation experiments. It consists of
a cluster generation chamber connected to a linear time-of-flight (TOF) mass spectrometer through
a gate-valve. A sample cell based on the design by Smalley and co-workers [11] was mounted in
front of the pulsed supersonic valve (R.M. Jordan, USA). The reactant gas, nitrogen or ammonia,
was introduced into the sample cell along with carrier gas He (99.999%) through the pulsed
supersonic valve (10 Hz; width 60 ms), at a total back-pressure of 3 atmospheres. A schematic of
the reactive ablation set-up is shown in Fig. 1. The second harmonic of a pulsed Nd-YAG laser
operating in Q-switch mode (6–7 ns and 10 Hz) was used for the sample vaporization. The oxide
powder sample was filled in a spiral groove made in a stainless steel target rod. To perform the
ablation of the oxide powder in the presence of graphite, a grooved graphite rod was machined in a
similar fashion and the powder sample was painted onto it. The power of the vaporization laser was
100 mJ/pulse. The delay of the laser with respect to the peak of the current pulse driving the
pulsed valve spring was typically 90 ms. The details of the detection of the cluster species were as
described elsewhere [12].
 n
Fig. 1. A schematic of the reactive laser ablation experimental set-up.
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Fig. 2. Time-of-flight mass spectra of the species obtained by ablating B2O3 in the presence of (a) nitrogen, (b) ammonia, and
(c) carbon þ nitrogen. Inset shows the reaction of B2O3 with carbon.
G. Raina et al. / Materials Research Bulletin 39 (2004) 1271–1277 1273
3. Results and discussion
Reactive laser ablation of B2O3 in the presence of N2 yields adducts of the type (B2O3)N2
þ and
(B2O3)N4
þ as seen in the mass spectrum (Fig. 2a). The relative populations of these species are about a
tenth of the parent B2O3 species. When the reaction was carried out in an NH3 atmosphere, oxynitride
species such as B3ON
þ are found besides B3O2
þ and B2O3H
þ (Fig. 2b). The B3ON
þ species is most
preponderant, constituting a population of 58% with respect to the Bþ peak. Boron nitride species are
formed when the reactive ablation with nitrogen is carried out in presence of carbon. The mass
spectrum in Fig. 2c shows prominent peaks corresponding to BNþ and BN2
þ besides smaller intensity
peaks due to BN3
þ and B2N3
þ. It is to be noted that BN3 and B2N are formed in the vapor phase by the
laser ablation of boron nitride rod in an Ar/N2 atmosphere [13]. Ablation of B2O3 in mixture with
carbon produces species such as BCþ, (BC)2
þ, and (BC)3
þ along with Cn
þ species (see inset of
Fig. 2c), as expected [14].
Laser ablation of Ga2O3 in presence of N2 leads to molecular attachment of N2 to Ga or GaO
giving rise to species such as GaOþ, GaN2
þ, and GaON2
þ, as shown in Fig. 3a. The intensities of
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Fig. 3. Time-of-flight mass spectra of the species obtained by ablating Ga2O3 in the presence of (a) nitrogen and (b) carbon þ
nitrogen. Inset shows the reaction of Ga2O3 with carbon and ammonia.
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these species are, however, small (about 2% with respect to Gaþ species). In the presence
of ammonia, Ga2O3 forms molecular adducts of the type (Ga)n(NH3)m
þ, with n  2 and m  6.
When the above reaction is carried out in the presence of carbon, a prominent peak corresponding
to GaNþ is observed (Fig. 3b). The relative intensity of GaNþ is about 17% with respect to Gaþ.
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Fig. 4. Time-of-flight mass spectra of the species obtained by ablating SiO2 in the presence of (a) nitrogen, (b) ammonia, and
(c) carbon þ nitrogen.
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A similar result was obtained when NH3 was used instead of N2 (see inset of Fig 3b). It may be
recalled that GaN films have been reported to form by reactive ablation of liquid Ga metal in
ammonia [15].
Under the conditions employed for B2O3 and Ga2O3, the reactive ablation of Al2O3 was also carried
out. Al2O3 in the presence of N2, NH3, or CþN2 produced AlONþ as the dominant product along with
smaller intensity peaks due to AlON2
þ and AlN2
þ. It is known that nitridic species of Al are formed
when laser ablated Al atoms are co-deposited with pure N2 in an argon atmosphere [16].
Reactive laser ablation of SiO2 produces nitridic species. The various nitridic species formed are
Si2N
þ, Si2NH
þ, Si2N2H
þ, Si2N3H
þ, Si2N4H
þ, and Si2N5H
þ, of which Si2N
þ and Si2NH
þ peaks have
relative intensities of about 45 and 32%, respectively, compared to Si2
þ (Fig. 4a). The H attachment
may arise from the ambient in the cluster apparatus. The Si2N species is also known to form during
pulsed laser ablation of Si rod subjected to NO2 and N2O [17], as well from the laser ablation of Si3N4
[18]. Reaction with ammonia produces a similar spectrum (Fig. 4b), with the most dominant peak
corresponding to Si2N
þ. In the presence of carbon, the reactivity of SiO2 is only marginally altered,
giving rise to mass peaks due to Si2N2H
þ, Si2N3H
þ, and Si2N5H
þ having comparable intensities as
that of Si2NH
þ (Fig. 4c).
That the prominent species are nitrides when B2O3, Ga2O3, and SiO2 are laser ablated in N2, in the
presence of carbon if necessary, is noteworthy. This observation suggests that the formation of nitrides
is by the vapor-solid process by the mechanism as shown below:
MOxðgÞ þ y
2
N2ðgÞ ! MOxNyðgÞ; MNyðgÞ
MOxðgÞ þ xCðgÞ þ y
2
N2ðgÞ ! MNyðgÞ þ xCOðgÞ
4. Conclusions
The present study establishes the formation of nitridic species of B, Ga, and Si on reacting the
respective oxides with N2 or NH3. The main species formed are listed in Table 1. The study establishes
that the oxides form nitride or oxynitride species in the vapor phase by interaction with nitrogen or
ammonia.
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Table 1
Major types of species in the vapor phase
Metal oxide N2 NH3 C þ N2
B2O3 BON BON BN
Ga2O3 GaN, GaON Ga(NH3)n GaN
SiO2 SiN SiN SiN
1276 G. Raina et al. / Materials Research Bulletin 39 (2004) 1271–1277
References
[1] M. Lu, A. Bonsetta, A. Bensaoula, Appl. Phys. Lett. 68 (5) (1996) 622–624.
[2] S.J. Pearton, C.R. Abernathy, M.E. Overberg, G.T. Thaler, A.H. Onstine, B.P. Gila, F. Ren, B. Lou, J. Kim, Mater. Today
(2002) 24–31.
[3] F.L. Deepak, C.P. Vinod, K. Mukhopadhyay, A. Govindaraj, C.N.R. Rao, Chem. Phys. Lett. 353 (2002) 345–352.
[4] D. Golberg, Y. Bando, K. Karashima, T. Sato, Chem. Phys. Lett. 323 (2000) 185–191.
[5] Y. Zhang, J. Liu, R. He, Q. Zhang, X. Zhang, J. Zhu, Chem. Mater. 13 (2001) 3899–3905.
[6] F.L. Deepak, A. Govindaraj, C.N.R. Rao, J. Nanosci. Nanotech. 1 (3) (2001) 303–308.
[7] W.Q. Han, S.S. Fan, Q.Q. Li, Y.D. Hu, Science 277 (5330) (1997) 1287–1289.
[8] G. Gundiah, G.V. Madhav, A. Govindaraj, Md. Motin Seikh, C.N.R. Rao, J. Mater. Chem. 12 (2002) 1606–1611.
[9] W. Han, S. Fan, Q. Li, B. Gu, X. Zhang, D. Yu, Appl. Phys. Lett. 71 (16) (1997) 2271–2273.
[10] G. Raina, G.U. Kulkarni, R.T. Yadav, V.S. Ramamurthy, C.N.R. Rao, Proc. Indian Acad. Sci. (Chem. Sci.) 112 (2) (2000)
83–95.
[11] S. Maruyama, L.R. Anderson, R.E. Smalley, Rev. Sci. Instrum. 61 (12) (1990) 3686–3693.
[12] G. Raina, G.U. Kulkarni, C.N.R. Rao, Chem. Phys. Lett. 372 (1/2) (2003) 121–127.
[13] L. Andrews, P. Hassanzadeh, T.R. Burkholder, J.M.L. Martin, J. Chem. Phys. 98 (2) (1993) 922–931.
[14] J.M.L. Martin, P.R. Taylor, J.T. Yustein, T.R. Burkholder, L. Andrews, J. Chem. Phys. 99 (1) (1993) 12–17.
[15] I.H. Lee, S.M. Park, Bull. Korean Chem. Soc. 21 (11) (2000) 1065–1066.
[16] L. Andrews, M. Zhou, G.V. Chertihin, W.D. Bare, J. Phys. Chem. A 104 (2000) 1656–1661.
[17] S.J. Paukstis, J.L. Gole, D.A. Dixon, K.A. Peterson, J. Phys. Chem. A 106 (2002) 8435–8441.
[18] M. Joseph, N. Sivakumar, P. Manoravi, Int. J. Mass Spectrom. 176 (1998) 237–244.
G. Raina et al. / Materials Research Bulletin 39 (2004) 1271–1277 1277
